R esearch on subcortical structures has received considerable interest, in particular with respect to the development of additional therapeutic tools for patients with pharmacoresistant epilepsy to whom surgical treatment cannot be offered. Protocols for implantation of intracranial stimulator devices are now under investigation, 1 similar to those successfully used in patients with Parkinson's disease. 2 The significance of subcortical structures in seizure propagation in focal epilepsy has been addressed in numerous studies, both human and animal. 3 Early depth electrode studies in epileptic patients revealed participation of the striatum and thalamus in seizure spread; [4] [5] [6] however, an independent subcortical focus could not be found. 4 6 Other evidence of subcortical involvement came from nuclear imaging studies of epileptic patients, which repeatedly found implication of the thalamus and other subcortical structures in drug naive 7 or treated patients with temporal lobe epilepsy, 8 9 mainly ipsilateral to the focus. Stimulation of subcortical nuclei, such as the caudate nucleus, has been found to suppress seizure activity in animals and epileptic patients. 10 11 Despite the large body of evidence of subcortical recruitment during seizure propagation, there have been only two volumetric MRI studies investigating structural changes of subcortical nuclei in epileptic patients, 12 13 both carried out in patients suffering from chronic temporal lobe epilepsy. In both studies, smaller caudate nuclei, putamen, and thalami were found in the patient groups, predominantly ipsilateral to the temporal focus. In the present study we were interested in whether patients with extratemporal epilepsy showed abnormal subcortical nuclei volumes compared with healthy controls, which would provide a rationale for implantation procedures.
METHODS

Subjects
In a total of 46 subjects, the volumes of the caudate nucleus, putamen, pallidum, and thalamus were determined in both hemispheres. A total of 368 (4668 structures) measurements were carried out by a researcher (BG) who was blinded to the diagnosis at the time of data retrieval. All patients (n = 31) underwent a thorough physical examination comprising neurological and neuropsychological tests (including postictal testing), prolonged video EEG monitoring, high resolution MRI, positron emission tomography, and if possible ictal/ inter-ictal SPECT studies. Hippocampal volumetry was carried out in all subjects, but did not reveal any significant atrophy in patients compared with healthy volunteers of comparable age. Only patients in whom the region of onset was unambiguously determined participated in the study. Other exclusion criteria were: (a) post-traumatic origin, (b) evidence of infectious origin, (c) evidence of multifocal epilepsy, (d) presence of cortical atrophy, and (e) evidence of anterior temporal (mesial or lateral) epilepsy. Average seizure frequency (complex partial and generalised tonicclonic seizures; GTCS) was calculated for each patient on the basis of seizure diaries or family reports. Simple partial seizures were rarely reliably charted, so their frequency was not included in the analysis. Patients with GTCS were further subdivided into those who had no or only rare seizures (,1/year, or only at the beginning of their disease; n = 15) and those who had them more frequently despite good compliance (n = 15). In one patient, no reliable information on GTCS was obtained. The volumetric data of 31 patients with lesional and non-lesional extratemporal lobe epilepsy (ETLE) was compared with 15 healthy volunteers. Measurements were obtained from pre-operative high resolution MRI scans. No significant difference in age was found between both groups (table 1) . Among the ETLE patients, nine had left anterior (LA), six right anterior (RA), nine left posterior (LP), and seven right posterior (RP) focus. One patient had a history of simple partial status; however, his exclusion did not affect the results. ''Anterior'' and ''posterior'' referred to the rolandic and sylvian fissures-that is, ''anterior'' referred to frontal epilepsy, ''posterior'' to parietal, occipital, and posterior temporal foci. Independent of the side, patients with anterior epilepsy reported a higher seizure frequency compared with posterior epilepsy (p = 0.07), in accordance with well established clinical observations. At the time of high resolution MR acquisition, all patients were on various drug treatments, without predominance of a particular drug in any of the subgroups. Seventeen patients had undergone surgery, with the following outcome: 11 were seizure-free, 4 experienced significant seizure reduction of 80%, 1 patient had modest (around 50%) post-operative seizure decrease, and 1 patient was left without worthwhile improvement. In 19 patients, the MRI revealed focal abnormalities (table 2).
Measurement of subcortical volumes
The measurements were carried out blinded to diagnosis. MRI images were acquired on a 1.5T Eclipse system (Marconi Medical Systems, Cleveland, OH, USA). A volumetric gradient echo acquisition (echo time 4.4 ms, repetition time 15 ms, flip angle 25˚, slice thickness 1.1 mm, field of view 250 mm, matrix size 1926256) was used for image acquisition. The volumetry protocol used to measure the subcortical nuclei was as described elsewhere. 13 The anterior and posterior limits of the caudate nucleus and putamen were determined in the horizontal plane, parallel to the hippocampal plane. These points were then transposed to the coronal plane and reconstructed perpendicularly to the hippocampal level, then both structures were manually traced from the anterior to the posterior limit. The posterior end of the caudate nuclei was defined as that part of the tail that remained superior to the ventricle. For the thalamus and pallidum, the superior and inferior limits were identified in coronal images, and then transposed to horizontal slices in which both structures were traced manually in each slice from the superior to the inferior limit. The volumes were obtained by integration using a program available on the clinical workstation (Marconi Medical Systems).
In our previous study, there was no evidence of major diffuse cortical processes in this age group as calculated by the whole brain volume in both patients and controls, and consequently, the statistical analysis of the normalised subcortical volumes (by whole brain volume) and the non-normalised volumes yielded the same results. 13 Absence of significant diffuse cortical atrophy was verified by visual analysis, and thus, in the present study, analysis was based solely on the non-normalised volume data.
Statistics
For group comparisons between the ETLE and control groups, and for the ETLE subgroups, one way analysis of variance was performed. The presence of a significant difference was assumed if a p-value of ,0.05 was obtained. The significance level was set at p ,0.01 for computing correlation analysis using the Pearson product moment correlation, or Spearman's R coefficient if small subject numbers were compared.
RESULTS
Comparing the volumes of all subcortical nuclei between the ETLE patients and healthy controls yielded no group effectthat is, overall subcortical volumetry did not differentiate between the patient and healthy subject groups. A significant structure effect (F (3,132) = 471.64; p,0.0001) emerged that was attributed to the different sizes of the subcortical volumes and a significant side effect (F (1,44) = 17.62; p,0.0001)-that is, on average, the left sided volumes were smaller than the right sided subcortical volumes in all subjects. One way analysis of variance computations among the four subgroups with respect to localisation and comparing these with the controls again did not show a group effect, but the structure (F (3,123) = 497.33; p,0.0001) and side effect (F (1,41) = 13.87; p,0.0006) did. The volumes of the caudate nucleus, putamen, pallidum, and thalamus were compared between patients who had no or rare GTCS, those who had more frequent GTCS, and controls. Significant main effects for structure and for side were found again, and a significant group effect also emerged (F (2,42) = 5.29; p,0.009), attributed to smaller volumes in patients with no or rare GTCS. There was also a significant structure group interaction, indicating that the group difference was more predominant for certain structures (F (6,126) = 2.82; p,0.0131). One way analysis of variance performed separately for each of the four structures revealed that only the putamen contributed to the structure group interaction (F (2,42) = 11.56; p,0.0001). Indeed, smaller putamen volumes were noted bilaterally in the patients with no or rare GTCS compared with controls (F (1,28) = 12.89; p,0.0012) and patients with more frequent GTCS (F (1,28) = 22.00; p,0.0001; fig 1) . There was no difference in putamen volume between controls and patients with frequent GTCS (table 3) .
There was no significant difference in age of seizure onset or epilepsy duration between both GTCS patient groups, but there was a difference in age at evaluation (F (2,40) = 6.64; p,0.0032). Patients with frequent GTCS were younger than patients with no or rare GTCS (mean (SD) age 19.4 (10.5) years v 31.9 (13.8) years). However, age as a covariate in a one way analysis of covariance design did not change the level of significance between the two patient groups 
(F (1,27) = 13.88; p,0.0009). In addition, if only patients who had no GTCS (n = 9) were compared with those with very frequent GTCS (.3/year, n = 5), no age difference was found, but the difference in putamen size remained (F (1,12) = 13.20; p,0.0034). Additionally, within these two patient groups, no correlation between putamen volumes and age, age of onset, or duration of epilepsy was noted.
Overall seizure frequency (that is, complex partial and secondary generalised seizures) was not associated with abnormal subcortical volumes, either for all patients as a whole or within the different focus subgroups, as determined by correlation analysis.
Comparing all patients with a left sided (LA, LP) or right sided (RA, RP) focus to the controls did not yield significant differences. The same was true when patients with an anterior focus (LA, RA) were compared with those with a posterior focus (LP, RP) or with controls. Moreover, no major differences between patients with an MRI identified lesion (n = 19) or negative MRI (n = 12) and controls were found. Patients with a dysembryoblastic neuroepithelial tumour or with dysplastic lesion (as suggested by the MRI and/or a very active epileptogenic focus in the EEG and/or histopathology; n = 16) were analysed separately, but were not associated wih a particular subcortical atrophy pattern.
DISCUSSION
MR based volumetric measurements of subcortical structures differentiate patients with temporal lobe epilepsy from healthy subjects, 12 13 but do not differentiate between patients with extratemporal epilepsy. Thus, temporal and extratemporal epilepsy differ not only in the site of cortical dysfunction but also in subcortical volumetric parameters. It has been well established that both patient groups are different with respect to the probability of post-operative seizure control, which is higher overall for TLE patients. It is tempting to speculate whether the presence or absence of subcortical volume changes contributes to this clinical observation.
However, ETLE patients who have never experienced, or who have had only rare GTCS, appear to be different from healthy subjects or patients with frequent GTCS. They show significantly smaller left and right putamen volumes. A previous volumetric study in patients with left temporal epilepsy 12 found bilateral changes in lenticular volumes, although in our earlier study, 13 which also included patients with right temporal epilepsy, we noted that only the ipsilateral putamen volume was significantly smaller. However, in both studies, no relation between subcortical volumes and the frequency of GTCS was found. Again, this observation indicates that temporal and extratemporal epilepsy seem to differ in their profiles of subcortical atrophy.
It is not clear why putamen atrophy should occur in patients with no or rare GTCS. The finding of subcortical nuclear atrophy independent of epilepsy duration and seizure frequency indicates that selective subcortical atrophy is not a secondary finding of a longer or more severe epilepsy disorder, but rather present from disease onset. However, longitudinal studies are warranted to confirm this hypothesis. The putamen receives projections from the whole neocortex-that is, from temporal and extratemporal lobes. Most cortical areas project only to the ipsilateral putamen, but motor, pre-motor, and somatosensory regions are distributed bilaterally. 14 15 Within the putamen, a somatotopic organisation has been described, with leg, arm, and facial representation from dorsal to ventral. Other afferent fibres originate in the centromedian thalamic nucleus and the substantia nigra. Efferent fibres from the putamen project directly to the substantia nigra or, quantitatively more importantly, converge to the ventral pallidum, from where they project to the thalamus, substantia nigra, or subthalamus. The information to cortical regions is processed via these structures, in particular from the thalamus to the motor and pre-motor cortex. 14 Thus, the putamen receives sensory and motor information from all neocortical areas, while its projections influence mainly motor functions. As a result, the putamen assists in sensorimotor integration. It can therefore be speculated that the impairment of this integrative and modulating function, caused by a functional and/or anatomical anomaly in the putamen, promotes excitation overload, as in GTCS. A smaller putamen might then serve as a barrier against such information excess and consequently inhibit the progression from a complex partial to a generalised seizure. Any medical or surgical interference at the putamen level that leads to the abolition of this most disabling and dangerous seizure type will have a significant impact on patients' care and should be subject to more detailed studies.
In our study, the age at evaluation was different between the GTCS groups; patients with no or rare GTCS were significantly older. Age is known to affect the size of the caudate and lenticular nuclei, at least when very old (.60 years) and young (,35 years) healthy subjects are compared. 16 It is, however, difficult to rationalise why only the putamen but not the other structures under investigation were affected by age in our study group. In neither of our subject groups, both relatively young, did age correlate with the volumes of the putamen or any other subcortical nucleus. Moreover, age as a covariate in the variance analysis did not change the significance of our findings. When considering only those patients at the extremes of the GTCS spectrumthat is, those who had no GTCS and those who had GTCS more than once per year, the age difference disappeared, but the difference in putamen size persisted. Thus, we feel confident that the difference in putamen size is due to GTCS frequency and not to age in this rather young patient population. This finding is also in accordance with our previous observations in patients with temporal lobe epilepsy. 13 It seems more likely that the age difference reflects a different referral pattern-that is, patients with relatively frequent GTCS may be referred earlier to a specialised centre than patients with no or rare GTCS.
Among patients with focal epilepsy syndromes, patients with extratemporal lobe epilepsy are often difficult to treat medically. Unfortunately they are often also difficult surgical candidates, especially if the MRI does not reveal distinct cortical anomalies. Vagal nerve stimulation appears to act on some of the subcortical structures, including the putamen, 17 and this effect may explain its seizure attenuating effect in various epilepsy syndromes. Further studies on the subcortical network in patients with various chronic epilepsy syndromes, with and without GTCS, are needed to develop effective tailored treatment options. Figure 1 Average volumes of left and right putamen in patients who had no or rare generalised GTCS, those who experienced GTCS more than once per year, and healthy controls. Left and right bars are left and right sided putamen volume, respectively (whiskers = standard deviation). A significant difference between patients with no or few GTCS and the other two subject groups was noted (both p,0.001). There was no difference between the controls and patients with frequent GTCS. 
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